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Introduction: Repetitive transcranial magnetic stimulation (rTMS) has been increasingly used in the fields of basic 
and clinical neurosciences for facilitating or inhibiting local neural activity. Functional features of rTMS have mainly 
been studied in healthy human volunteers by measuring the changes in the amplitude of motor-evoked potential (MEP) 
evoked by single-pulse TMS of the primary motor cortex (MI) as an indirect index of the MI activity. In such 
evaluation, the increase and decrease of the amplitude of MEP after the rTMS can be interpreted as results of the 
facilitatory and inhibitory effects, respectively, of the specific pattern of trains used. From earlier studies, it has become 
as established fact that low-frequency stimulation (typically ≤ 1 Hz) induces the inhibition of local neural activity, 
whereas the intermittent high-frequency stimulation (typically ≥ 5 Hz) induces facilitation. However, there have been 
much fewer studies concerning the direct electrophysiological evaluation of neural changes induced by rTMS in the 
stimulated site of the brain. Inconsistent results have been obtained from studies by recording and evaluating resting-
state electroencephalograms (EEGs) before and after rTMS. In this study, using awake and unanesthetized macaque 
monkeys as experimental subjects, we aimed to record the changes in the neural activity of a cortical area targeted by 
rTMS, in the form of electrocorticograms (ECoGs) recorded using subdurally implanted electrodes. Owing to the high 
signal-to-noise ratio, we expected that ECoG recordings would enable better evaluation of relatively higher frequency 
bands, such as gamma and beta bands, which could be difficult in conventional EEG recordings. Macaque monkeys 
are a suitable model of humans as rTMS subjects because their brains are big enough to limit the direct effect of rTMS 
to a small portion of cerebral cortex, while using the standard stimulation coil for humans (70 mm figure-of-eight 
coil). 
Method: The resting-state ECoG signals recorded through subdurally implanted electrodes and the MEPs in the 
abductor pollicis brevis muscle in the contralateral hand were repeatedly measured in two awake and unanesthetized 
macaque monkeys before and after the rTMS session. Repetitive and single-pulse TMS was applied targeting the 
unilateral MI. The intensities of TMS pulses were set to 150% and 100% of the resting motor threshold (rMT) of each 
monkey for rTMS and single-pulse TMS, respectively. The rMT of each monkey was defined as the machine output 
that produced a visible twitch in its thumb on 5 out of 10 TMS pulses delivered to the MI while the monkey quietly 
sat on the monkey chair. The stimulation frequency was set to 0.5, 1, 2, 5 and 10 Hz. At all stimulation frequencies, a 
total of 1200 pulses of rTMS were given in 20 min. Before and after an rTMS session, single-pulse TMS was applied 
at 1-min intervals for 60 min and 120 min, respectively. In 1-Hz and 10-Hz conditions, we conducted additional 
experiments with the stimulation intensity of rTMS set to 125, 100 and 75% of rMT.  
Result: A significant decrease in the beta band power was observed after 1-Hz rTMS with a significant decrease in 
the MEP amplitude, whereas a significant increase in the high-gamma band power was observed after 10-Hz rTMS 
with a significant increase in the MEP amplitude. There were no significant changes in each ECoG band power and 
the amplitude of MEP after 0.5, 2, and 5-Hz rTMS. Consistent changes in ECoG and MEP, such as those observed 
with 150% rMT, were not observed at lower stimulus intensities. In monkey A, ECoG signals were also recorded from 
the electrode over the DLPFC and PPC. We found no significant changes in ECoG signals from the remote electrodes 
in terms of power of two frequency bands (beta and high-gamma) following either of the 1-Hz or 10-Hz rTMS 
application.  
Discussion: The major findings of this study was that, in the resting-state ECoG signals of the stimulation site, the 
decrease in beta band power and the increase in high-gamma band power were induced after 1-Hz and 10-Hz rTMS, 
respectively, in both monkeys. As indicated in previous studies that beta and high-gamma activities in the ECoG reflect 
the synchronous firing and the firing frequency, respectively, of cell assembly in local neural circuits, our results 
suggest that the 1-Hz rTMS inhibits the neural excitability by desynchronizing the local circuit activity, and that the 
10-Hz rTMS facilitates the neural excitability by increasing the firing of neurons in the local circuits. Interestingly, 
neither of the changes of band powers in ECoG nor those of MEP amplitudes were observed in 0.5, 2 or 5 Hz rTMS 
conditions. These results suggest that 1-Hz and 10-Hz rTMS are the specific frequency working for inhibiting and 
facilitating the neural excitability, respectively. The band power changes appeared to be limited to the stimulation site, 
as no change was found in the power of beta or high-gamma band in the ECoG signals from remote electrodes such 
as those in the DLPFC or PPC. The examination of the effect of rTMS of different intensities have shown that only 
with the intensity of rMT 150% can the effects be stable, and with that of rMT 125, 100 or 75%, effects would be 





本田 保貴 提出の 博士論文は、脳活動への影響について未だに不明な点が多い反復経頭蓋磁気刺激
（rTMS）の、作用特性と機序を明らかにするために、ニホンザルを被検体とした行った動物実験の結
果を報告したものである。 
片側の一次運動野（MI）手の領域に、20 分間の rTMS を施した前後で、同領域の硬膜下に埋め込ん
だ電極からの安静時皮質表面電位（electrocorticogram: ECoG）と、対側の短母指外転筋（abductor pollicis 
brevis）上の表面電極からの運動誘発電位（motor evoked potentials: MEP）の記録を行った。刺激周波
数による rTMS の効果の違いを系統的に調べるため、刺激周波数は、0.5 Hz、1 Hz、2 Hz、5 Hz、10 Hz 
の条件を設けた。 
測定の結果、rTMS 後の MEP の振幅が、最大、および、最小となったのは、10 Hz、および、1 Hz で
あったので、10 Hz あるいはそれ以上の周波数と、1 Hz が、それぞれ、局所神経活動の促進、および、
抑制に最適な刺激周波数であることが明らかになった。また、記録された ECoG 信号について周波
数スペクトル解析を行ったところ、10 Hz の条件では、high-γ帯域の出力が増強しているのに対して、
1 Hz の条件では、β帯域の出力が減少していることが明らかになり、MEP を指標とした皮質興奮性
の変化に対応する神経活動の変化が、ECoG 信号の変化として読み取ることができること、また、rTMS
による神経活動の促進と抑制が、それぞれ異なる機序によって誘発されていることが示唆された。 
 この研究は、世界に先駆けて、rTMS による神経活動の促進と抑制の最適周波数を系統的な実験に
よって示すとともに、rTMS による神経活動の促進と抑制が、ECoG 信号に反映されることを示した
もので、先端的な神経活動への介入法として注目されている rTMS の作用特性と機序の理解の理解に、
ひいては、基礎および臨床の脳神経科学の発展に、大きく貢献するものである。 
以上の成果が得られたことは、自立して研究活動を行うに必要な高度の研究能力と学識を有するこ
とを示している。したがって，本田 保貴 提出の論文は，博士（生命科学）の博士論文として合格と
認める。 
